Abstract -Oil-impregnated paper is a major type of insulation used in oil-filled converter transformers for both traditional and new energy systems. This paper presents and analyzes the results of the experiment conducted on the electrical aging of oil-impregnated paper under AC-DC combined voltages using the pulsed electro-acoustic (PEA) technique. The formation and dynamics of space charge affected the performance of insulation material. The electrical aged oil-paper insulation was obtained through electrical aged experiments under the voltages. Based on the PEA technique, measurements were carried out when the oil-paper insulation system was subjected to different stressing and aging times. The space charge dynamics in the bulk of the oil-paper insulation system with different aging times were measured and analyzed. Characteristic parameters such as the total charge injection amount, the total charges of fast moving and slow moving, and the distortion factor of electric field were calculated and discussed. Results show that the longer electrical aging time, the more charges trapped in the bulk of aging sample. It leads to larger distortion factor of electric field in the bulk of aging samples and accelerate degradation of oil-paper insulation under AC-DC combined voltages.
Introduction
Converter transformers play important roles in highvoltage direct current (HVDC) transmission systems for both traditional and new energy systems [1] . Voltages across winding-to-ground insulation in HVDC converter transformers consist of AC, DC, and strong harmonic voltages [2] . Insulation failures in valve-connected windings account for approximately 50% of the total faults of converter transformers [3] . Oil-impregnated paper is a major type of insulation used in oil-filled converter transformers. The space charge accumulation occurs in the dielectric materials under DC conditions [4] . The formation and transportation of space charge in insulation can distort the electrical field distribution, which leads to the premature failure of the insulation [5] . The electric field distortion inside insulation materials influences the conductance, breakdown voltage, and aging process evidently [6] .
Electrical aging of oil-paper insulation under AC and DC combined voltages has been studied for two decades. Previous studies investigated the breakdown properties of oil-impregnated paper under the voltages with different magnitude ratios of DC to AC voltages [7] . The pulsed electro-acoustic (PEA) method allows the observation of space charges during the poling process, and provides thorough information on space charge dynamics [8] . Tanaka, Tanada, and Chen investigated the effects of charge injection and extraction in polyethylene [9] [10] [11] [12] [13] . Mazzanti and Montanari focused on the space charge properties of polyethylene materials and space chargederived quantities to study the threshold voltage and apparent charge mobility [8, 14, 15] . Publication [16] showed that space charge came from ionization at lower field intensity, and investigated the new thermo-electrical life model based on the relationship between space charge and breakdown in oil-paper insulation. Space charge behaviors in a multi-layer oil-paper insulation system were analyzed, and the influence of temperature on charge dynamics was discussed in several publications [17] [18] [19] . The electrical tree would occur when a local field is larger than the breakdown strength of the material. In addition, space charges have a close connection to the breakdown of insulation [20, 21] .
In this paper, the electrical aging of oil-paper insulation was obtained through electrical aging experiments under AC-DC combined voltages. The space charge behaviors of the oil-paper insulation system with different aging times were investigated using the PEA technique. Charge dynamics in the insulation system during the volts-on and decay conditions were analyzed. The characteristic parameters such as the total amount of charge injection, the total charges of fast and slow moving, and the distortion factor of electric field were calculated and discussed. The electrical aging decelerates the mobility of the trapped charges. The influences of electrical aging on the charge distribution in oil-paper insulation system were studied as well.
Experiments

Electrical aging experiment
For converter transformers, voltages across winding-toground insulation containing components of DC and AC voltages were determined. Windings of delta-connected single-phase transformers could withstand AC-DC combined voltages with a magnitude ratio of DC to AC peak values equal to 1:1. The AC-DC combined voltages across the windings in wye-connected single-phase transformers consisted of AC and DC components with a magnitude ratio of DC to AC peak values equal to 3:1 [2] . Fig. 1 illustrates the experimental setup for the electrical aging of oil-impregnated paper. A 50 kV DC source and a 50 kV AC source are connected in parallel with the oil tank placed between and around the HV lead of the sources. During the tests, DC and AC voltages were changed at 500 V intervals, and synchronization was increased using the regulating transformer. Both DC and AC voltages were increased from zero until breakdown to ensure that the cause of breakdown was always a voltage increasing at a constant rate. Both voltages were increased from zero until breakdown. To ensure that the cause of breakdown was always a voltage that was increasing at a constant rate. Fig. 1 also shows that the testing voltages consisted of AC and DC voltage sources for constant-stress tests. Both voltages were supplied at the same time. Then, pulsating voltages were applied. Fig. 2 and Eq. (1) define the ripple factor RF of the pulsating voltages. The rising rates of peak values of testing voltages were controlled at 1000 V/s. The rising peak values of AC and DC voltages were the same and 500 V/s, respectively, when RF was equal to 100%. DC voltages with positive polarities were used for constant-stress tests.
The insulation paper used for the experiment was provided by China Hunan No. 1 Paperboard Co., Ltd. The insulation paper had a diameter and thickness of 80 mm and 0.2 mm, respectively. The insulation paper was dried in vacuum of 50 Pa at 90 °C for 48 h, and then impregnated with transformer oils in vacuum of 50 Pa at 40 °C for 48 h. Karamay #25 transformer oils were used for oil impregnation insulation and first degassed in vacuum at 40 °C. The drying process used in this study reduced the water content in the paper to 0.4% weight and water content in the oil to 9 mg/kg, which were considered acceptable for the proposed test program. Oil-impregnated paper insulation specimens were placed in a sealed glass vessel prior to their usage in the electrical breakdown experiments.
The experimental system consisted of an oil tank and a rod-plate electrode system. As shown in Fig. 3 , the electrode system was designed according to IEC 60243-1 [22] .The electrode system and oil-paper insulation specimens were completely immersed in transformer oil at room temperature. Both electrodes were made of brass. During the electrical aging process, the testing voltage of sample was 7.6 kV, and the aging times were 6, 12, 24, 72, and 144 h. 
PEA measurement
The PEA method is a nondestructive testing method and popularly used to measure space charge in solid dielectric materials throughout the world. In the PEA technique, acoustic pressure waves are generated due to the interaction of pulsed electric field and charge layers. Detection of acoustic pressure waves allows the determination of charge distribution across the sample. The details of PEA technique are documented in literature [23, 24] .
The space charge measurements were taken using the PEA system, which had a pulse voltage of 600 V with a width of 5 ns, and minimum resolution of less than 10 μm. Silicon oil was used as the acoustic coupling agent, and the test temperature was 20 ºC. In this study, all samples were stressed under 30 kV/mm and a negative DC electric field. Therefore, the applied voltage is 6 kV. The space charge measurements were taken at various times during the periods of both volt-on (DC voltage application) and decay (DC voltage removal) by using the PEA technique. The top electrode is a semi-conducting polymer, whereas the bottom electrode is an aluminum plate. Each electrode has a diameter of 15 mm. The electrode and tested sample were tightly compressed to avoid partial discharge. The experiments of space charge measurement were performed on single layer oil-impregnated paper insulation sample (~190 μm after oil immersion and pressed by electrodes), as shown in Fig. 4 .
Results and discussions
Volt-on space charge dynamics of aged samples
The space charge density of oil-paper insulation is density of space charge which acquired by the PEA method. It reflects the space charge behaviors and the charge carrier information of traps in oil-paper insulation. Fig. 5 shows that the anode peak was sharp and evident because of attenuation and the scattering of acoustic waves caused by the oil-paper sample. The cathode peak was wide and flat. The positions of electrodes were confirmed and marked with black dotted lines. The approximate equilibrium of the positive charge and negative charge injection was observed after 30 min. Fig. 5(a) illustrates that the charge injected quickly after voltage was switched on. The peak value of electrodes increased with increase of stressing time. Homo-charges were injected into the bulk of the sample near the anode and cathode from both electrodes after 1 min under 30 kV/mm. The quantities of electric charges on both electrodes increased when the stressing time increased. More positive charges were injected from the anode than negative charges injected from the cathode as the stressing time increases. The homo-charges from the anode and the induced charges from negative charges near to the anode resulted in the peak density of positive charges accumulating at the interface, and increasing with the increase of stressing time.
Figs. 5(a)-(d) and 5(e) show the peak density of negative charge accumulated near the anode increased when the aging time increased. Under negative DC voltage, the quantities of negative charge injection from the cathode were more than the positive charges as the stressing time increased. The peak density of negative charge appeared near the anode at the beginning of the voltage application (t = 1min). The peak density of the negative charge remained in the same region during voltage application. Then, the negative charges accumulated in the region near the anode. The charge density of the negative charge accumulated in the region near the anode increased when stressing and aging times increased. The region of negative charge that accumulated near the anode increased when the aging time increased. The result indicated that injecting more quantities of negative charges would result in the changing of the internal structure of samples by electrical aging.
Compared to the negative charge, the amount of positive charge injection did not increase as much as the negative charge with the aging time. The result indicated that the negative charge in the bulk might move faster and with fewer blockages. Some negative charges were neutralized when they moved from cathode to anode, whereas the others reached the anode quickly. More peak densities of positive charges accumulated in the interface of the anode and the samples when aging time was longer.
Space charge decay dynamics of aged samples
After applying 6 kV DC voltage for 90 min, the space charge distributions of oil-paper sample with different aging times were measured after removal from the applied voltage (see Fig. 6 ). In Fig. 6(a) , the charge density decreased with decay time. Compared to volts-on tests in which the charges were injected into the sample, the charge movement under short-circuit condition was relatively fast. Approximately 90% of space charges disappeared in the sample after 300 s. A majority of charge in the bulk of oilpaper sample diminished through either recombination or conduction away from the sample after 300 s. The space charges diminished slower when the decay time longer. Figs. 6(a)-(d) and 6(e) show that the space charges dissipated faster with longer decay time. The charge density increased with longer aging time. The result indicated that the trapped charges dissipated slower when the aging time of the oil-paper sample was longer. Therefore, electrical aging decelerated the dissipation mobility of charges in the bulk of sample, and limited the movement of the charge.
Total charge
The total space charge related to the electrical performance, the physical, chemical, and microcosmic characteristics of insulation reveals the property of space charge transport in the bulk of insulation. The amount of total charge accumulated in the samples can be calculated 
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where ρ(x, t) is the charge density, S is the electrode area, and d is the thickness of the sample. The volt-on total absolute amount of charge Q(t)on includes contributions from both fast and slow moving charges. The evolution of total space charges during the volts-on experiment is shown in Fig. 7 . The amount of total charge in the bulk of oil-paper sample rose when stressing and aging times were increased. After a small fluctuation, it tended to a stable state. Therefore, more charges were injected in the bulk of sample when aging time was longer. As shown in Fig. 8 , the amount of total charges decreased rapidly before 50 s, slowed down, and finally reached the ultimate state after 100 s. The charges decayed more slowly with the increase in aging time.
In the beginning of the decay process, the space charge inside oil-paper was de-trapped and neutralized rapidly because of the high residual electrical field, which made the total charge decline quickly. The effect of residual electrical field weakened when the decay time was longer. The space charges that remained in the bulk of oil-paper samples were mainly in deep traps, which required more energy to de-trap. Therefore, the decay rate of total charge decreased continuously. The dissipation of the total trapped charges was slower when the aging time was longer.
Fast and slow moving charges in the bulk of the aged samples
Total charge in volt-on condition refers to the total injection charges that include both fast and slow moving charges. Fast moving charges are charges that escape from the traps very shortly after the removal of the applied voltage, whereas slow moving charges are essentially and permanently trapped. Traps in electrical materials can be divided into two types, namely, deep and shallow. When the charges move into the deep traps, they require more energy to get out, and the velocity of the charge movement slows down. Then, they finally form slow moving charges. The volt-on total absolute amount of charge in 90 min is the total injection charge that includes both fast Q(t) fast and slow moving charges. The total absolute amount of charge decay in 5 s only involves slow charges. Therefore, fast moving charges can be obtained by Q(t) fast = Q(t) on90min -Q(t) decay 5s . Total fast and slow moving charges in the bulk of samples with different aging times are shown in Fig. 9 . Under same stressing time, the Q(t) fast increased with longer aging time, and the amount of fast moving are larger than slow moving charges. More slowly moving charges were trapped in the sample when the aging time was longer. Longer aging time caused the charge to decay more slowly, and more charges were trapped with longer aging time. Based on the results and analysis in the previous section, the amount of total charges of aged sample under volt-on increased with the increase of stressing and aging times. This result indicated that electrical aging could enhance the trap ability of the slow moving charges in the bulk of sample. Longer aging time caused more charges trapped in the sample and increased the amount of deep traps. The electrical aging decelerated the mobility of the charges. Moreover, the internal structure of insulation was changed by long time aging, which could lead to the formation of a 
Electrical field at volt-on
Both positive and negative charges can be injected into the oil paper samples. The amount of charge accumulated changed the electric field inside the sample. The electric field distribution in the bulk of sample due to the trapped charge can be calculated by integrating the charge density [24] . The electric field in bulk of sample could be calculated using Eq. (3).
where ρ(x) is the charge density of sample under volt-on for 90 min, ε 0 is the dielectric constant of vacuum, 8.852*10 -12 F/m, ε r is the relative dielectric constant of test sample, and d is the thickness of sample [9, 17, 25] . The electrical field distribution could be distorted by charge accumulation, injection, extraction, and transport. The distortion factor of electric field clearly showed the influence of space charge on oil-paper insulation. The distortion factor of electric field could be calculated by Eq. (4).
where E max is the maximum electric field of the sample under volt-on for 90 min, E av is the electric field without distortion, 30 kV/mm, and ΔE is the distortion factor of electric field. The distortion factor of aging samples during volt-on for 90 min is shown in Fig. 10 . The distortion factor of electric field of aging sample increased when the aging time was longer. The distortion was more than 20% of the applied electric field after 12 h. The distortion factor of 72 h was twice that of 24 h and with more than 50% of applied electric field. The total amount of fast and slow moving charges in the aging samples increased when the aging time was longer. Then, the distortion factor of electric field increased with the increase of total charge of aged samples under volt-on for 90 min. Therefore, when the distortion factor of electric field in the bulk of aging samples was larger, more charges were trapped in the sample and more deep traps were formed. This condition caused more serious degradation of oil-paper insulation under AC-DC combined voltages. The result indicated that electrical aging could enhance electric field distortion in the bulk of oil-paper insulation. When the distortion factor of electrical field was above the critical value, the electrical trees initiated and grew. The partial discharge occurred and the electrical trees accelerated their growth by partial discharges when the distortion factor of the electrical field increased. For the converter transformer, a large distortion factor of electric field could lead to fatal damage during polarity reversal operation.
Conclusion
This paper presented the electrical aging experiments of oil-paper insulation under AC-DC combined voltages. The space charge behavior of oil-paper insulation with different aging times during the volt-on and decay were studied using the PEA technique under negative DC 6 kV. The influence of electrical aging on charge dynamics was investigated as well. The conclusions are as follows.
(1) The homo-charges were injected into the bulk of the sample near the anode and cathode from both electrodes. The longer the aging time of the oil-paper sample resulted in more obvious the positive charge injection. The charge density of negative charge accumulated in the region near the anode which increased with the increase of stressing and the aging times. It caused hetero-charges to accumulate near the anode. This result will affect the distribution of the electrical field in oil-paper insulation.
(2) Compared to volt-on tests in which charges were injected into the insulation system, the charge movement under short-circuit condition was relatively fast. More charges were injected into the bulk of the sample when the aging time was longer, and the trapped charges dissipated at a slower rate. The electrical aging decelerated the mobility of the trapped charges and the dissipation mobility of charges. The movement of charge was limited.
(3) Both the total trapped charge and the amount of slow moving charges trapped were greater when the aging time was longer. The distortion factor of electric field increased with the increase in the total charge of aged samples under volt-on. More slow moving charges were trapped in the bulk of aging samples and more deep traps were formed when the distortion factor of the electric field was larger. Therefore, the electrical aging could enhance electric field distortion and the trap ability of slow moving charges in the bulk of oil-paper insulation, which could result in electrical trees easier to initiate and grow. Then, it would accelerate degradation of oil-paper insulation under AC-DC combined voltages.
